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The effect of alcohol drinking on the formation of DNA 
adducts of acetaldehyde, the primary oxidative metabolite 
of ethanol, was investigated in humans. DNA was isolated 
from granulocytes and lymphocytes from 24 alcoholic 
patients and 12 control subjects. DNA adduct levels were 
measured by 32 P-postlabelling using reversed-phase HPLC 
with on-line detection of radioactivity. A large interindi¬ 
vidual variation in adduct levels was observed. The average 
adduct levels in granulocyte and lymphocyte DNA from 
alcoholic patients were 3.4 ± 3.8 and 2.1 ± 0.8 adducts/ 
10 7 nucleotides (« = 24), respectively. These levels were 
13- and 7-fold higher than the corresponding levels in 
control subjects (/*< 0.001). The average adduct level in 
granulocyte DNA from alcoholic patients was 60% higher 
than in lymphocyte DNA (P< 0.01), Our results, in conjunc¬ 
tion with the genotoxicity of acetaldehyde, thus suggest the 
formation of DNA adducts of acetaldehyde as a plausible 
mechanism explaining the involvement of alcohol drinking 
in carcinogenesis. 


Introduction 

Alcohol abuse is a major single cause of health impairment 
worldwide contributing to 15-30% of all hospital admissions 
in many general hospitals (1-3). Moreover, alcohol drinking 
is second in importance only to smoking as a proven cause of 
cancer (4). The evidence obtained so far shows that alcohol 
drinking is causally related to cancers of the mouth, pharynx, 
larynx, esophagus and liver (4-10). These facts, combined 
with high cancer risk in occupations associated with high 
alcohol consumption, low risk in social groups that abjure 
alcohol, and reduced risks in ex-drinkers, strongly suggest that 
alcohol abuse is carcinogenic in humans. The exact mechanisms 
by which alcohol abuse causes cancer in humans have not yet 
been determined. However, all types of alcoholic beverages 
seem to be implicated, suggesting an etiological role for ethanol 
and/or its primary oxidative metabolite acetaldehyde (Aa*). 

Aa is ubiquitous in the environment (11-16). Some exogen¬ 
ous sources include many compounds undergoing metabolic 
oxidative de-ethylation such as saturated hydrocarbons (II), 
tobacco smoke (15), and automobile emissions (16) Moreover, 

* Abbreviations: Aa, acetaldehyde; dG, 2 f -dcoxyguanositte; 3’-dGMP, 2'- 
deoxyguunosinc-3 ’-monophosphate; AkethykV-dGMP, A^-eihyl-2'-dcoxy- 
guaftOSinC-3'-monophosphate adduct; HPLC, high-performance liquid 
chromatography; TLC, thin-layer chromatography; PEL polycthylcnciminc; 
MN, micrococcal nuclease; SPD, spleen phosphodiesterase. 
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endogenous formation occurs during normal metabolism from 
sources such as threonine, [(-alanine and deoxyribose phos¬ 
phate (17). 

Even without any alcohol consumption the concentrations 
expelled in breath span from 0.2-0.6 nM, with high levels 
observed in smokers and abstinent alcoholics (17). More 
importantly, Aa is formed as the primary product during the 
metabolic oxidation of ethanol by alcohol dehydrogenase 
(ADH) in the liver (14) and causes many of the pathophysio¬ 
logical effects related to alcohol (1). Aa is readily oxidized 
further to acetate by aldehyde dehydrogenase (ALDH) (1,18). 
Blood and tissue concentrations of alcohol and Aa are thus 
dependent on the rate of alcohol and Aa oxidation. ADH 
and ALDH are polymorphic in humans. Individuals (mainly 
Orientals) who harbour an inactive aldehyde dehydrogenase 
variant (ALDH2*2) have high blood Aa levels upon drinking, 
with striking consequences in terms of facial flushing and 
ethanol intolerance, which in some cases have resulted in a 
relative aversion to alcohol, lowering consumption and the 
related morbidity (1,18). 

Aa is a carcinogen in animal models (1,19,20) and is 
mutagenic to bacteria and mammalian cells (11-13,21,22). 
After chronic alcohol consumption, blood concentration of Aa 
was increased (14.17,18,23), raising the possibility that alcohol 
via Aa may increase the risk of the liver and extrahepatic 
tissues (4). 

Aa is a highly reactive electrophile which readily reacts 
with nucleophilic groups, such as amino and sulfhydryl groups 
of proteins to form adducts 124—271. . Furth ermore. Aa is 
cgpabk^gf interacting covalently with DNA lciTdlne’To the " 
formationofDNA adducts (28-31), a critical'initiating event 

major stable adduct form ed after reduction under physiological 
conditions is A^-ethyl^'-de oxyguanoxine. <31 l 37.l~ " - 

Taking itThTcoMdcratiorTtEe"biological activity of Aa and 
its occurrence, we suggested that the genotoxic action of Aa 
constitutes an important mechanism underlying the carcino¬ 
genicity associated with the ingestion of alcoholic beverages 
(32). We recently developed a 32 P-postlabelling assay using 
reversed-phase HPLC with on-line detection of radioactivity 
which proved to be sensitive enough for the quantitative 
determination of A’--cthyl-2'-deoxyguaiiosine adducts of Aa in 
liver DNA from mice exposed ethanol (32). 

This is the first study reporting on the detection of A^-ethyl- 
2'-deoxyguanosine adducts of Aa in humans. To this end 
lymphocyte and granulocyte DNA isolated from peripheral 
blood samples of alcoholic patients and control subjects 
(teetotallers and moderate drinkers) were analysed for adducts 
of Aa by the 32 P-postlabelling technique. 


Subjects 

The subject population comprised 12 control healthy individuals and 24 
alcoholic patients. Control subjects were eight males and four females. The 
age of the individuals in the control group was 25-46 years, with a median 
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age of32 years. This group included six teetotallers and six moderate drinkers 
(<5 units of alcohol a week; one UK unit is equivalent to 10 g of pure 
ethanol). Individuals in the control group were non-smokers, with the exception 
of one moderate smoker (<10 cigarettes/week). Alcohol abusers were patients 
admitted to the Alcohol Clinic of the Huddingc University Hospital* Stockholm, 
Sweden, for detoxification and rehabilitation treatment. This group included 
19 males and five females, of ages 31-64, with a median age of 46 years. 
Alcohol intake in this group was estimated to >50 units alcohol (UK) per 
week. The subjects in the alcoholic group were also heavy smokers (>20 
Cigarettes/day). The study protocol was approved by the ethics committee of 
the Huddingc University Hospital. 

Chemicals 

AH chemicals and biochcmicals were of analytical grade and used without 
further purification, and have been described elsewhere (32). 

Blood sampling and isolation of DNA 

Blood was drawn by venipuncture into EDTA-contaitiing tubes and immedi¬ 
ately placed on ice. In the ease of alcoholic patients, the blood sample was 
collected immediately after admission, at which time the subjects clearly 
exhibited symptoms of alcohol intoxication. Blood (15 ml) was diluted to 
30 ml with phosphate-buffered saline (PBS), pH 7.4, and was carefully layered 
over 15 ml Ficoll Paque (Pharmacia Chemical Co., Uppsala, Sweden) and 
centrifuged at 500 g for 30 min at 20°C. The mononuclear fraction of white 
blood cells (mainly lymphocytes) on top of the Ficoll Paque layer was 
collected and washed twice with PBS. The cell layer below the Ficoll Paque 
(granulocytes and erythrocytes) was treated with 30 ml of 0.1 M NaCl, 0.5% 
Triton X-100, 10 mM Tris-HCl, pH 7.4, on ice for 10 min to lyse the 
erythrocytes. The pellet containing granulocytes was washed twice with PBS. 
DNA was isolated from lymphocytes and granulocytes by digestion with 
RNasc A, RNasc T1 and proteinase K, followed by extraction with phenol, 
chloroform/isoamyl alcohol, and precipitation with ethanol (33). 

The DNA thus obtained was dissolved in distilled water and its con¬ 
centration and purity were assayed using a Beckman DU 640 spectrophoto¬ 
meter. The ranges of the A 23t >/A 26 o and in the DNA samples were 

0.4-0.5 and 1.6-1.8, respectively. Also the UV spectrum (220-300 nm) was 
taken in order to detect the presence of shoulders, RNA contamination was 
assayed by re versed-phase HPLC using previously described ammonium 
formatc/methanol gradients (34), after enzymatic hydrolysis of aliquots of 
DNA (10 pg) to dcoxynuclcosidcs according to Marlin and Gamer (35). RNA 
contamination levels, on the basis of the concentration of adenosine in the 
samples were <0.1%. 

At this stage, prior to any analysis work, the DNA samples were coded to 
conceal their identity. 

DNA hydrolysis, DNA adduct enrichment and measurement by reversed-phase 
HPLC with on-line detection of radioactivity 

The preparation of DNA samples (5 (ig) isolated from lymphocytes or 
granulocytes for the ■ 52 P-postlabcIling reaction was done according to the 
procedure of Fang ct at. (32) with the modification that the MN/SPD digested 
DNA solutions were then further hydrolysed at pH 5.3 by adding 1 pi of 
nuclease PI solution (2.5 units/p.1 in 1.5 mM, ZnCl 2 ; 0.5 units/|Ag DNA) at 
37®C for 60 min to remove normal nucleotides. The prepared material was 
then evaporated to dryness, and redissolvcd in 1 pxl distilled water prior to 
the :?2 P-postlabelling reaction. 

The recovery of the A^-cthyl-3'-dGMP adducts after hydrolysis with 
nuclease PI was determined by a series of experiments where unmodified 
salmon testis DNA samples (10 jjtg) hydrolyzed by MN and SPD were mixed 
with 50 fmoi of authentic /V^-ethyl-3'-dGMP standard synthesized according 
to Vaca ex al. (31) and subjected to hydrolysis with nuclease PI for different 
intervals up to 90 min. The adduct levels were then measured by -* 2 P- 
postlabolling with on-line detection of radioactivity (32). The concentration 
and purity of the salmon testis DNA used were assayed as described above. 
The highest recovery obtained was 78% after incubation with nuclease P1 for 
60 min. The adduct levels obtained in the human DNA samples were corrected 
for losses in recovery after the enrichment procedure, and for labelling 
efficiency and radioactive decay. 

Human lymphocyte or granulocyte DNA samples (5 pg) or samples of the 
A 2 -cthyl-3'-dGMP standard (10 fmol) were ' 2 P-postlabellcd as previously 
described (32). The analysis of 32 P-labellcd Aa-DNA adducts was carried out 
by reversed-phase HPLC with on-line detection of radioactivity according to 
Fang and Vaca (32) with two minor modifications, (i) 3.0 units of nuclease 
PI per gg DNA were used for the conversion of 3\5'-bisphosphates of N 2 - 
cthyl-2'-dcoxyguanosine adducts to N 2 -cthy1-5’-dGMP adducts, (ii) A gradient 
of methanol (solvent A) in 0.2 M ammonium formate containing 20 mM 
phosphoric acid, pH 4.5 (solvent B) was used for elution of the adducts as 
follows; 0-10 min, 0% A, isocratic; 10-35 min, 0-10% A; 35-45 min, 10% 
A, isocratic; 45-54 min, 10-22% A; 54-57 min, 22-100% A; 57-65 min, 
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100% A, isocratic (programme I). The adducts were quantitated by using a 
calibration curve (peak area vs adduct concentration) obtained through the 
analysis of known amounts of the adduct standard. Normal dcoxynuclcosides 
in the enzymatic hydrolysate were quantitated by reversed-phase HPLC as 
described above at 254 nm with the 166 UV detector. The exact amount of 
parent deoxynuclcosides in individual samples was calculated using a standard 
ratio generated from known amounts of salmon testis DNA, and used to 
correct the adduct level detected in DNA samples. 

The efficiency of the phosphorylation reaction of A^-ethyl-3'-dGMP adducts 
by T4 polynucleotide kinase was determined for each experiment using 
labelled A^-ethyl-l'-dGMP standard (10 fmol) and analyzing the samples 
by TLC (determined as 3',5’-bisphoi>phatc) and by reversed-phase HPLC 
(determined as A^-ethyl-5'-dGMP) as described above. 

The limit of detection of the reversed-phase HPLC method with on-line 
detection of radioactivity was established through a series of experiments 
where aliquots of unmodified salmon testis DNA samples (5 fig) hydrolyzed 
by MN and SPD were mixed with 0.5, 1.0, 2.0, 5.0 and 10.0 fmol of N 2 - 
ethyl-3'-dGMP standard, labelled as described above, and thereafter subjected 
to 3'-dephosphorylation with nuclease Pt and analysis by reversed-phase 
HPLC. Only background radioactivity was observed at the retention time 
corresponding to that of the standard when labelled salmon testis DNA 
samples alone were analyzed. The lowest detection limit so far achieved was 
5 adducts/lO a nucleotides, using 5 fig DNA samples, and considering all 
adduct losses during the preparation of the samples and analysis by 32 P- 
post label ling. 


Identification of DNA adducts of Aa detected in alcoholic patients 
Two experimental schemes were used to confirm the identity of the adducts 
detected in alcoholic patients. For this purpose DNA isolated from granulocytes 
was used. 

In the first scheme, a combination of TLC and rcvciscd-phasc HPLC was 
used to analyse the adducts as 3',5’-bispho5phates, DNA was enzymatically 
digested, 32 P-postlaheIlcd and resolved using two dimensional TLC-chromato- 
graphy according to previously described methods (32), except that chromato¬ 
graphy was carried out at 4°C. The adduct spot migrating at the same position 
as thru of the bisphosphate of the jV 2 -cthyl-3'-dGMP standard on TLC was 
excised and extracted with 400 fd of 3.5 M ammonium formate, pH 3.5, at 
room temperature for 30 min. This procedure ensured the extraction of ~95% 
of the radioactivity present in the spot. This solution was then centrifuged 
and the supernatant was passed through an Ultrafrcc-MC filter (10 000 NMWL 
regenerated cellulose membrane, Millipore Co., Milford, MA) and the filtrate 
evaporated to dryness under vacuum. The sample was then re-dissolved in 
water and an aliquot (25 pal) of the 32 P-labcllcd extract was subjected to 
reversed-phase HPLC as described above. The elution was earned out with a 
gradient between methanol (solvent A) and 0.2 M ammonium formate 
containing 20 mM phosphoric acid, pH 4.5 (solvent B) as follows; 0-5 min, 
0-5% A; 5-15 min, 5-30% A; 15-20 min, 30% A, isocratic; 20-25 min, 30- 
100% A; 25-35 min, 100% A, isocratic; 35-40 min, 100-0% A (programme II). 

In the second scheme, a different reversed-phase HPLC system was used 
and the adducts analysed as 5'-monophosphatcs. The [ 32 P]-HPLC system 
consisted of 600 B multisol vent delivery system with a 484 T unable absorbance 
detector (both Waters Chromatography). Radioactivity was measured on-line 
with an A 280 radioactivity detector using a 0.5 ml TRLSC-cell and scintillation 
fluid Flo-Scint IV (Radiomalic Instruments & Chemical Co., Tampa, FL). 
The analytical system had a pre-column NewGuard™ holder housing a 
reversed-phase 18.7 pm cartridge (Brownlee Laboratories, Santa Clara, CA). 
Two DeltaPak™ 5 pm C18-J00 A, 150X3.9 mm columns (Waters, Millipore 
Co., Milford, MA) connected in series as described elsewhere (36) were used 
for the analysis of the adducts. DNA samples were enzymatically digested, 
32 p-postlabcllcd and enzymatically converted to 5'-monophosphatc DNA 
adducts of Aa as described above. The DNA adducts were eluted with linear 
gradients of acetonitrile (solvent A) in 2 M ammonium formate, 0.4 M formic 
acid, pH 4.5 (solvent B) as follows: 0-70 min, 0-35% A (programme III) or 
0-30 min, 0% A, isocratic; 30-100 min, 0-35% A (programme IV). The flow 
rate was 0.5 ml/min. 


Statistical analysis 

The statistical analysis of the data was performed using the two-tailed Student’s 
r-test for two samples assuming equal variances, the Student’s /-test for paired 
means, analysis of variance (ANOVA) and correlation analysis. 


Results 

Identification of DNA adducts of Aa detected in alcoholic 
patients 

The structures of Aa and of the A^-ethylO'-dGMP, used as a 
synthetic standard adduct, are shown in Figure 1. 
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J'-dGMP As 




R=I'-<!«>iyribase-3 , -mimo phosphate 

Fig. 1. Reaction scheme for the formation of AAethyl-3'-dGMP adducts. 


An adduct peak showing identical retention time to that of 
the corresponding standard was found with both experimental 
schemes used for the identification of the adducts as described 
in Materials and methods. The retention time of 3’,5'-bisphos- 
phates of /V 2 -ethyl-2'-deoxyguanosine adduct was 13.0 min in 
the first scheme, whereas in the second the retention times of 
A-’-ethyl-5'-dGMP were 36.4 min and 65.2 min, with pro¬ 
gramme III and programme IV respectively (data not shown). 
The identity' of the adduct peaks was further confirmed by 
analysing aliquots of the DNA samples spiked with the 
corresponding labelled standard in both experimental schemes. 
DNA adducts of A a in humans 

Representative reversed-phase HPLC chromatographic profiles 
of the analysis of 32 P-postlabelled DNA adducts of Aa in 
human DNA arc shown in Figure 2. The profiles were 
essentially identical for both granulocyte and lymphocyte DNA 
samples. As can be seen, an adduct peak exhibiting an identical 
retention time to that obtained for the jV-'-ethyl-S'-dGMP 
standard (42.5 min) was found in granulocyte DNA from an 
alcoholic patient (Figure 2A and C). In addition, and for 
the sake of comparison, the chromatographic profile of a 
granulocyte DNA sample from a control subject and the profile 
of the same human DNA sample shown in Figure 2C spiked 
with 4 fmol of the adduct standard are also shown (Figure 2B 
and D). 

The levels of DNA adducts of Aa found in human DNA 
samples from individuals as well as the age and the gender of 
the subjects are shown in Table I. At least two replicate 
samples of DNA from each individual were analyzed. The 
coefficient of variation of the analysis method was <15%. 
Mean values of at least two determinations of each sample are 
shown for each subject. As can be seen a large interindividual 
variation in adduct levels in alcoholic patients was found, 
while adduct levels in control subjects were below the detection 
limit of the method i.e. <5 adducts/ 10 s nucleotides. In order 
to carry out the statistical analysis of the data an adduct level 
equivalent to 2.5 adducts 1 ' 1 0 8 nucleotides (50% of the detection 
limit of the analysis method) was considered for the control 
subjects. 

The average levels of DNA adducts of Aa are given in 
Table 11. Large standard deviations were obtained in the case 
of alcoholic patients, reflecting the considerable interindividua! 
variation in adduct levels as shown in Table 1. Considering 
all individuals (both sexes and all ages), adduct levels in 
granulocytes and lymphocytes from alcoholic patients were 
13- and 7-fold higher, respectively, than in control subjects 
(P<0.001). The average adduct level in granulocyte DNA 
from alcoholic patients (all subjects) was 60% higher than in 
lymphocytes (P<0.01). A significant difference in adduct 
levels (P<0.05) between granulocytes and lymphocytes was 



Retention time (min) 

Fig. 2. Rcvcrscd-phasc HPLC profiles of 32 P-posllabe11cd DNA adducts of 
Aa in granulocytes DNA samples. DNA was enzymatically digested with 
MN, SPD, nuclease PI, and analysed by reversed-phase HPLC with on-line 
delection of radioactivity as described in Materials and methods. (A) N 2 - 
ethyl-3'-dGMP adduct standard (4 fmol); (B) granulocyte DNA sample 
from a control subject (5 gg); (C) granulocyte DNA sample front an 
alcoholic patient (5 pg); (D) the same DNA sample as in (C) spiked with 
AF-ethyl-S'-dGMP adduct standard (4 fmol). The adduct peaks arc indicated 
with an arrow. 


observed only for male alcoholic patients. Further, when a 
correlation analysis of the adduct levels both in granulocytes 
and lymphocytes from the same individual was carried out, 
no correlation between the cell types was found. 

In addition, the alcoholic patient group was divided into 
three age sub-groups, i.e. <40 years, 40-50 years and >50 
years. The differences in adduct levels in granulocyte and 
lymphocyte DNA between the age categories studied were 
not statistically significant. Nor were sex-related statistical 
differences in adduct levels obtained within each cell type 
(Table II), 

Discussion 

An etiological role of alcohol consumption in cancer of the 
mouth, larynx, pharynx, esophagous and liver has been clearly 
demonstrated in several epidemiological studies (4-10). How¬ 
ever, the molecular mechanisms underlying the carcinogenic 
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Table I. Levels of DNA adducts of Aa in human white blood cells, expressed as number of adducts per I0 7 nucleotides 3 


Subject no. 

Age (years) 

Gender 

Adduct level (mean ± SD, 

Granulocytes 

Lymphocytes 


Controls 

Cl 

29 

M 

n.d_ c 

(3) 

n.d. 

(5) 

Cl 

32 

M 

n.d. 

(2) 

0.3 ± 0.1 

(4) 

C3 

32 

M 

n.d. 

(2) 

n.d 

(1) 

C4 

40 

M 

n.d. 

(3) 

n.d 

(2) 

C5 

33 

F 

n.d. 

(2) 

n.d 

(3) 

C6 

46 

M 

n.d. 

(4) 

n.d 

(2) 

C7 

29 

F 

n.d. 

(2) 

n.d 

(4) 

C8 

33 

M 

n.d. 

(4) 

n.d 

(2) 

C9 

25 

M 

n.d. 

(2) 

n.d 

(2) 

CIO 

30 

F 

n.d. 

(2) 

n.d 

12) 

C1I 

32 

M 

n.d. 

(2) 

0.4 ± 0.2 

(6) 

CI2 

30 

F 

n.d. 

(2) 

n.d 

(4) 

Alcoholic patients 

A1 

31 

M 

4.6 *0.8 

(4) 

1.5+0.7 

O) 

A2 

56 

M 

n.d. 

(2) 

0.8+0.0 

(2) 

A3 

41 

F 

0.7 ±0.1 

(2) 

2.0±0.2 

(5) 

A4 

45 

M 

8.8±0.l 

(2) 

3.1 ±0.2 

(2) 

A5 

53 

M 

1.7±0.7 

(4) 

3.9±0.6 

(2) 

A6 

57 

F 

3.9±0.1 

(2) 

3.2±0.1 

(2) 

A7 

59 

M 

2.2±0.3 

(43 

2.2±0.3 

(4) 

AS 

55 

M 

3.7±0.2 

(2) 

1.5 ±0.7 

(4) 

A9 

38 

M 

3.7 ±0.2 

(4) 

1.9±0.2 

(2) 

AIO 

57 

F 

3.7±0.l 

(2) 

1.7±0.3 

(2) 

A1 1 

31 

M 

3.5 ±0.0 

12 ) 

3.1 ±0.4 

(2) 

A12 

51 

M 

3.7±0.2 

<2) 

2.2±0.1 

(2) 

A13 

34 

F 

4.4 ±0.4 

(2) 

1.6±0.4 

(4) 

A14 

52 

M 

2.2±0.1 

(2) 

3.3 ±0.1 

(2) 

AI5 

33 

M 

1.9 ±0.0 

(2) 

2.0±l.l 

(4) 

Alb 

48 

M 

2.0 ±0.6 


2.6+0.0 

(2) 

AI7 

40 

M 

3.4±0.3 

14) 

2.8±0.1 

(2) 

AIS 

41 

F 

2.0±0.5 

i -4 i 

l.l±0.5 

(4) 

A19 

36 

M 

2.0±0.l 

<- i 

L0±0.l 

(2) 

A20 

50 

M 

7.0 ±0.5 

(.': i 

0.8±0.2 

(4) 

All 

64 

M 

3.5 ±0.5 

-11 

1.4+0.2 

(4) 

A 22 

45 

M 

2.6±0.0 

1 2 ) 

3.1 ±0.2 

(2) 

A23 

37 

M 

2.5 ±1.3 

(4j 

].0±0.1 

(2) 

A 24 

49 

M 

6.5 ±0.6 

(2) 

1.7±0.0(2) 


a DNA samples (5 Jig) were isolated from human granulocytes or lymphocytes and the adduct levels analysed by 32 P-postlabdling and reversed-phase HPLC 
as described in Materials and methods. 

Na **> number of analyses. 


c ll.d.: Not detected. The statistical analysis 
adducts/10 7 nuc Icoti dcs. 

was earned out considering n.d. as 50% of the detection limit of the analysis method, i.c. T 0.25 


Table II. Difference in 

DNA adduct levels of Aa in peripheral white blood cells between alcoholic patients and control subjects 3 


Group 

Adduct levels 






Difference 

Controls 



Alcoholic patients 


mcf.n-SD 

w b 

[Range] 

MeaniSD 

(«)" 

[Range] 

Granulocytes 








All subjects 

n.d. c 

(12) 


3.4±3.8 

(24) 

[n.d-8.8] 

P<0.001 

All males 

n.d 

<*> 


3.5±4.3 

(19) 

[n.d.-8.8] 

F»<0.00l 

All females 

n.d. 

(4) 


2.9±2.4 

(5) 

[0.7-4.4] 

A<0.05 

Lymphocytes 








All subjects 

0.26 ± 0.01 

(12) 

[n.d.-0.4] 

2.1 ±0.8 

(24) 

[0.8-3.9] 

P<0.00l 

All Males 

0.26 ± 0.01 

(ft) 

[n.d.-0.4] 

2.1 ±0-9 

(19) 

(0.8-3.9] 

Pc 0,001 

All Females 

n.d. 

(4) 


1.9±0.6 

(5) 

[1.1-3.2] 

PCO.Ol 


3 Adduct levels arc expressed as number of adducts per 10 7 nucleotides. DNA samples (5 p.g) were isolated from human granulocytes or lymphocytes and the 
adduct levels analysed by 32 P-postlabclling and reversed-phase HPLC as described in Materials and methods. 
b n = number of subjects. Parallel samples (2-6) of DNA of each individual were analysed. 

c n-tL; Not detected. The statistical analysis was carried out considering n.d as 50% of the detection limit of the analysis method, i.c., 0,25 
adducts/10 7 nucleotides. 
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effects of the ingestion of alcoholic beverages remain poorly 
understood. 

Ingested ethanol is rapidly absorbed from the gastrointestinal 
tract and readily metabolized to Aa (10), Considering the 
genotoxic properties of Aa and its endogenous formation after 
the ingestion of ethanol, the formation of DNA adducts of Aa 
was proposed as an important mechanism explaining the 
carcinogenicity of the ingestion of alcoholic beverages (31,32). 
However, the determination of such adducts was precluded by 
the lack of the appropriate methodology until recently, when 
a ■ J2 P-postlabelling assay was developed in our laboratory and 
allowed the detection of DNA adducts of Aa formed in vivo 
in mice exposed to ethanol in the drinking water (32). 

The present study demonstrates for the first time the forma¬ 
tion of DNA adducts of Aa in humans. Alcohol abusers were 
considered the relevant group in this first human study since 
it has been shown that continuous heavy drinking leads to a 
faster oxidation of ethanol and/or to a slower disposition of 
the Aa formed with higher blood concentrations of Aa present 
in alcoholics than in moderate drinkers as a consequence 
(17,23,37). 

A large interindividual variation with regard to levels of 
A^-ethyl-S '-dGMP adducts (range n.d.—8.8 and 0.8-3.9 
adducts/10 7 nucleotides in granulocyte and lymphocyte DNA, 
respectively) was found in our study (Table I). Multiple factors 
such as the extent of exposure, genetic polymorphism of the 
ADH and ALDH enzymes involved in the detoxification of 
ethanol and acetaldehyde respectively (14), and thus the dose 
of Aa to which the individuals were exposed, may explain 
such variation. However, no information about these factors 
was available for the subjects considered in this study. 

As shown in Table II, higher (7- to 13-fold) and statistically 
significant levels of DNA adducts of Aa were found both in 
granulocyte and lymphocyte DNA from alcoholic patients than 
in control subjects. In fact no adduct levels were detected in 
the control individuals (Table I). If present, adduct levels in 
these subjects were below the detection limit of the method, 
i.e. <5 adducts/10 s nucleotides. Thus, the ratios between 
adduct levels in alcoholic patients and control subjects should 
be considered as minimum ratios. 

Individuals in the control group were non-smokers, with the 
exception of one moderate smoker (<10 cigarettes/week). On 
the other hand, the subjects in the alcoholic group were also 
heavy smokers (>20 cigarettes/day). Since Aa is also present 
in tobacco smoke (15), it could be argued that exposure 
through smoking might have contributed to the adduct levels 
in alcoholic subjects. However, no DNA adducts of Aa were 
detected in either the moderate s moker in our cont rol groun. 
oTuTgranillS cyte antT lymphocyte DNA obtained from five. 

cigarettes/day) participating in a ‘quit 
ooking’ programme (data not shown). 

No correlation between adduct levels i n Ivmphocv tix DNA 
and g ranulocyte DNA was observed. Fu rfiiermore. levels of 
Aa adducts irueran ulocyte DNA. were significantly higher than 
in lymphocyte DNA when considering all subjects (^<0.01) 
or only males (/ > <0.05) in the group of alcoholic patients 
(Table II). This is in contrast to other studies (38,39), which 
showed that 7-methyl-guanine and polycyclic aromatic hydro¬ 
carbon (PAH)-related DNA adduct levels in lymphocyte DNA 
are significantly higher than those in granulocyte DNA. As 
the white cells are composed mainly of granulocytes (50- 
75%) with a short half-life (from 7 h to 2 days) and T- 
lymphocytes (~80% of the total lymphocytes) with a half-life 


of several years (40), lymphocyte adduct levels could be 
expected to accumulate for a chronic exposure. Blood samples 
from alcoholic patients were collected after acute alcohol 
intoxication. Therefore the adduct levels most probably reflect 
recent exposure. In seven alcoholic patients higher DNA adduct 
levels of Aa in lymphocytes than in granulocytes were detected 
(Table I). Besides, the samples were coded prior to the analysis 
to conceal their identity. Therefore methodological factors 
favouring the detection of adducts in granulocytes can be 
excluded. At present, we do not have a clear-cut explanation 
for the dissimilarities in adduct levels between granulocytes 
and lymphocytes. However ^ there are differences between - 
these cell types with regard togedox p otential to stabilize the 
7v'’-ethvl-3'-d G MP a dducts in Nraafidthe capacity to repair 
flNAdamage, which wouItTullimately determine the adduct 
levels. Thus, a well functioning redox system has been 
described only fo r^granulocvtes (411. On the other hand, it has 
been shown that nucleotide and base excision repair exist in 
human blood lymphocytes and granulocytes. However, the 
repair is carried out faster and to a greater extent in lymphocytes 
than in granulocytes (42,43), and furthermore, the activity of 
uracil-DNA glycosylase in granulocytes is only 2-3 % of that 
in human blood lymphocytes (42). 

The effect of gender was analysed because higher levels of 
Aa in peripheral blood than in men have been detected in 
women after receiving the same dose of alcohol (44). However, 
gender-related differences in the DNA adduct levels of Aa 
were not observed within each cell type in our study, ft should 
be pointed out however, that the number of individuals in each 
gender category was limited. This fact, together with the high 
interindividual variation observed, probably precluded us from 
seeing any gender- or age-related significant differences in 
adduct levels. 

In conclusion, this is the first report showing the detection 
of pNA-aridnrts of A a_ jn humans. - Adduct formation is a 
critical initiating event in the multistage process of chemical 
carcinogenesis. Since 7- to 13-fold higher adduct levels than 
in control subjects were detected in alcoholic patients, our 
results show that DNA adduct formation was causally related 
to alcohol abuse and thereby suggest the formation of DNA 
adducts of Aa, the primary metabolite of ethanol, as an 
important mechanism explaining the carcinogenic effects of 
alcohol abuse. 
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